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In pathological bone conditions (e.g., osteoporotic fractures or critical size bone defects), increasing the
pool of osteoblast progenitor cells is a promising therapeutic approach to facilitate bone healing. Since
mesenchymal stem cells (MSCs) give rise to the osteogenic lineage, a number of clinical trials investigated
the potential of MSCs transplantation for bone regeneration. However, the engraftment of transplanted
cells is often hindered by insufficient oxygen and nutrients supply and the tendency of MSCs to home to
different sites of the body. In this review, we discuss various approaches of MSCs transplantation for bone
regeneration including scaffold and hydrogel constructs, genetic modifications and surface engineering of
the cell membrane aimed to improve homing and increase cell viability, proliferation and differentiation.
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A bone fracture is a common medical condition, which can be due to traumatic injury or as a result of pathological
weakening of the bones. The severity of the injury depends on the fracture (type, magnitude and location) and
increases with age [1]. Some fractures require only temporary fixation and protection, while other serious fractures
(in elderly, critical size bone defects, bone tumor surgery, pathologic fractures etc.) undergo a more difficult process
of natural regeneration and often fail to heal. These conditions are called a ‘nonunion’ and a ‘delayed union’ of
fractures.

Osteoporosis is the most common systemic bone disorder that predisposes the affected individuals to pathological
bone fractures. Furthermore, fractures in elderly osteoporotic patients are challenging to treat due to prolonged
healing time and the complexity of surgical fracture fixation in a weakened bone [2]. Second, the most common
pathological bone condition is Paget’s disease of bone [3]. The etiology of the Paget’s disease of bone is still unknown
and may include genetic factors as well as environmental. In this condition, the normal bone equilibrium is shifted
toward the bone resorption processes which inevitably alters the fracture healing process [4]. Both disorders are
primarily diagnosed in older people and in rare cases in people less than 55 years old [3,5]. Besides the aging-associated
pathological conditions, there is also a group of genetically induced bone disorders. The genetic condition known as
osteogenesis imperfecta is characterized by a defect in the collagen production genes (COL1A1 or COL1A2 gene),
which results in bone malformation and impairment in the bone regeneration process [6]. Some other conditions
are also able to worsen bone regeneration. For example, bacterial osteomyelitis impairs bone remodeling and leads
to uncontrolled bone loss [7]. There are also a group of auto-inflammatory bone diseases that can affect proper bone
healing including chronic nonbacterial osteomyelitis, Majeed syndrome, deficiency of IL-1 receptor antagonist and
cherubism [8].

Many innovative therapeutic strategies have been identified in recent years to improve bone regeneration, and
mesenchymal stem cell (MSCs) transplantation is one of the promising approaches. Overall the properties of
MSCs make them very suitable biological material for transplantation in bone-associated conditions and fractures.
MSCs are able to differentiate into the target tissue; they have advantageous immune modulating properties and
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provide growth factors to facilitate the repair process. The stimulation of the natural repairing processes by providing
osteoblasts precursors (MSCs) that will home and attach firmly to the site of injury increases the rate of regeneration
of bone structures and improve healing. Transplantation of MSCs into the injured area can promote healing not
only by directly increasing the number of precursor cells but also through a paracrine effect by releasing growth
factors and immunomodulatory cytokines and chemokines to induce regeneration [9].

MSCs have been isolated so far from various types of tissues, including bone marrow, adipose tissue, synovial
membrane and fluid, human placenta, umbilical cord, amniotic fluid or various fetal tissues. Although MSCs
from these different sources have been applied in preclinical models, bone marrow-derived MSCs (BM-MSCs)
and adipose-derived MSCs (AD-MSCs) are the most commonly used cell types for bone regeneration [10,11].
BM-MSCs are isolated at a relatively low density and must be expanded in vitro, in contrast with AD-MSCs that
can be harvested in higher quantities [12]. However, BM-MSCs show more expression of osteogenic differentiation
genes [11], while AD-MSCs show stronger angiogenic potential [13], and is a promising tool in the treatment of
vascular ischemic conditions [14].

There are two main routes of transplantation of MSCs: systemic and local. Systemic administration involves
intravenous (IV) and intra-arterial (IA) injection of the cells, while local administration involves direct injection of
the cells into the regeneration site. Systemic route is often less invasive and keeps the cells close to the source of
oxygen and nutrients with the ability to extravasate into the target tissue [15]. However, previous research in this area
showed that, upon systemic administration, most of the transplanted MSCs are concentrated in the lungs [16–19],
though after 10 days, the percentage drops dramatically – to 2% compared with the initial 35% [20]. Migration
of transplanted MSCs from the lungs is believed to be driven by inflamed organs [21]. Due to their nature, MSCs
can sense chemokine CCL21 in vessels near the sites of inflammation and some MSCs escape the lungs and home
to inflamed tissue [22]. Thus, the efficacy of systemic MSCs administration in cases of bone pathology could be
affected by other underlying chronic conditions. Another disadvantage of the systemic MSCs administration is the
aggregation of the transplanted cells in the areas of abnormal cancerous cell proliferations such as breast or ovary
cancer [23].

There are several ways to target MSCs to the tissue of interest. The targeting moiety can be induced by an
independently administrated component, for example, an injection of parathyroid hormone (PTH). It has been
shown that therapy with PTH together with MSCs transplantation increases cell migration to the site of the bone
defects and improves further differentiation of the cells [24]. In general, recruitment of the MSCs to the site of
fracture is activated through the stromal cell-derived factor 1/C-X-C CXCR4 axes. However, PTH administration
shifts the mechanism of MSCs recruitment to the amphiregulin pathway in which EGF-like ligand is secreted in
the damaged area [24,25].

Another approach is a local transplantation of MSCs to the site of bone fracture. A major advantage of local cell
delivery is the close proximity of the transplanted cells to the areas of bone defect. However, the survival of those
cells is questionable since oxygen and nutrients are not always available at the sites of injection. Therefore, in order
to increase the degree of cell engraftment, the delivery system must place cells at, or allow MSCs to migrate to the
site of bone defect. Thus, the main focus of this review is modifications of MSCs that are aimed at improving the
bone targeting potential of the MSCs and enhancing survival of cells upon therapeutic transplantations.

In this review, we refer to MSCs as a multipotent stem cells that according to International Society for Cell
and Gene Treatment fulfills three main criteria: first, MSCs are adherent to plastic in culture; second, they express
CD73, CD90, CD105 on their cell surface membrane and lack CD14, CD34, CD45 and human leukocyte
antigen – DR isotype HLA-DR) expression; finally, MSCs can differentiate down the osteogenic, chondrogenic
and adipogenic lineage [10].

Scaffolds & hydrogels
The use of biomaterial scaffolds is one of the most widely used strategies to enhance repair processes in bone tissue.
The organic and inorganic materials implemented in scaffold manufacturing, including polymeric constructs,
ceramics, metals and natural matrices are summarized in the scheme below (Figure 1). A precise review of all
currently available scaffold materials for bone tissue engineering was given by Ghassemi et al. [26]. The authors
concluded that different approaches should be combined in order to provide the scaffold with better mechanical
strength (that lack both synthetic and natural polymeric scaffolds), less fragility (than ceramics scaffolds) and the
incorporation of biologically active agents in order to promote osteoinductivity.
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Figure 1. Materials implemented in scaffold manufacturing.
ECM: Extracellular matrix; PBT: Polybutylene terephthalate; PCL: Polycaprolactone; PEG: Polyethylene glycol; PGA: Polyglycolic acid; PLA:
Polylactic acid; PLGA: Poly(lactic-co-glycolic acid); PPE: Polyphenyl ether; PVA: Polyvinyl alcohol; TCP: Tricalcium phosphate.

Seeding scaffolds with osteoblast precursor cells is a promising approach to increase the efficacy of scaffold
transplants. Ceramic scaffolds are very suitable for filling critical size bone defects because the scaffold matrix
provides mechanical support for the cells to proliferate, differentiate into osteoblasts and eventually calcify. In a
study by Agacayak and colleagues, the combination of MSCs, platelet rich plasma and biphasic calcium phosphate
construct has been demonstrated to be a more effective approach for inducing osteogenesis in rat calvarial bone
defect than the use of ceramic bone scaffold alone [27]. Similarly, hydroxyapatite ceramic scaffolds seeded with
culture-expanded BM-MSCs were able to regenerate critical size bone defects of tibia diaphysis in sheep to a greater
extent than synthetic bone substitute alone [28]. Several clinical cases were reported on the use of β-tricalcium
phosphate scaffolds to meet craniomaxillofacial applications [29–33]. A β-TCP scaffold loaded with AD-MSCs and
BMP-2 was used to reconstruct a maxillary defect left after the removal of keratocyst. The construct was first
implanted into a muscle for ectopic bone formation and then transplanted into the maxillary area and led to
successful healing 4 month after surgery [31].

Yet, the interactions between scaffolds and MSCs involve many factors affecting stem cell survival, proliferation
and differentiation. One of the very important issues in cell-scaffold constructs is the lack of oxygen supply and
nutrients, since vessel formation is a slow process. In this regard, a number of recent studies have been directed
toward creating bioactive scaffolds and hydrogels that promote angiogenesis while supporting cell proliferation and
differentiation (Table 1) [34,35].

For example, Yu et al. seeded the polycaprolactone–hydroxyapatite scaffolds with a combination of osteoblast
precursor cells and endothelial cells to enhance angiogenesis, which significantly improved the bone regeneration
process [38]. Porous silk scaffolds seeded with BM-MSCs in a study carried out by Zhang et al. was successful and
provided evidence for increased rate of regeneration of cranial critical size bone defects in rats [39]. The authors
showed that cells were able to survive up to 8 weeks due to the presence of VEGF and BMP-2 factors that promoted
angiogenesis and the subsequent differentiation of cells along the osteogenic lineage. Similarly, transplantation of
MSCs entrapped into the collagen sponge/hyaluronic acid-based hydrogel complex scaffolds containing VEGF
and BMP-2 resulted in a significant increase of bone mineral density at canine maxillary alveolar bone defects [40].
Zhao et al. encapsulated BMSCs and BMP-2 into photocross-linkable hydrogel microspheres composed of gelatin-
methacryloyl chloride and demonstrated improved bone formation of the rabbit femoral ankle [41].
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Table 1. Bioactive hydrogels and scaffolds for bone regeneration.
Scaffold/hydrogel carrier Biologically active

agent
Outcome Ref.

Poly(lactic-co-glycolic acid) VEGF Bone formation in an irradiated rat calvarial defect [36]

A 3D honeycomb-like PCL scaffold rhBMP2-PCL Promotes bone healing in a large bone defect of rabbit ulna. [37]

Cylindrical porous PCL-HA scaffolds Osteoblasts and ECs A widely distributed capillary network, osteoid generated by
osteoblasts and absent ischemic necroses in a 0.4-cm-long
segmental femur defect of BALB/c mice

[38]

Silk scaffolds BMSCs, VEGF and
BMP-2

Regeneration of critical size cranial bone defects in rats [39]

Collagen sponge/hyaluronic acid-based hydrogel complex
scaffolds

VEGF and BMP-2 Increase of bone mineral density at canine maxillary alveolar
bone defects

[40]

Photocrosslinkable hydrogel microspheres composed of
gelatin-methacryloyl chloride

BMSCs and BMP-2 Improved bone formation in rabbit femoral ankle [41]

Nano calcium sulfate/alginate scaffold BMP-2 transfected
MSCs

Bone bridging of critical-sizes calvarial bone defects in rats. [42]

Alginate microcapsules Fibrinogen, fibronectin
or RGD

Increased viability, proliferation and osteogenic differentiation
of enclosed MSCs

[43–45]

High guluronic acid-content alginates at hydrogel with
elasticity of 60 kPa

hMSCs Bone formation in nude rats with cranial defects [46]

Hydrogel scaffolds derived from bone extracellular matrix Dental pulp stem cells Cell survival, upregulated expression of RUNX-2, osteocalcin
and bone sialoprotein

[47]

�-tricalcium phosphate and BMP-2 Adipose derived stem
cells

Maxillary defect healing [30,31]

bECM: Bone extracellular matrix; BM-MSC: Bone marrow derived mesenchymal stem cell; EC: Endothelial cell; hMSC: Human mesenchymal stem cell; MSC: Mesenchymal stem cell;
HA: Hydroxyapatite; PCL: Polycaprolactone; RGD: The tripeptide Arg–Gly–Asp.

He et al. demonstrated that encapsulation of BMP-2-transfected MSCs into nano calcium sulfate/alginate
scaffold resulted in bone bridging of critical-sizes calvarial bone defects in rats [42]. Sayyar et al. enclosed human
MSCs in biomimetic microcapsules made with alginate, a natural carbohydrate from seaweed. The decoration of
alginate with fibrinogen, fibronectin or RGD (the tripeptide Arg–Gly–Asp) led to a higher viability of encapsulated
human MSCs [43]. Furthermore, alginate decorated with either fibrinogen or fibronectin, but not RGD increased
cell proliferation and osteogenic differentiation of enclosed MSCs [44,45].

To enrich the hydrogel scaffold with oxygen available to MSCs, Kimelman-Bleich used perfluorotributylamine
(PFTBA) [48]. PFTBA is a type of perfluorocarbons that traps oxygen due to high oxygen solubility, in other
words, 35 mm compared with the 2.2 mm of oxygen in water. Hydrogel with PFTBA was mixed with the cells and
injected in the area of ectopic bone formation. Results showed a 2.5-fold increase in bone formation compared with
the hydrogel without PFTBA as well as increase in cell survival and in osteocalcin expression [48]. Study of synthetic
oxygen carriers by Benjamin et al. has also led to the conclusion that PFTBA promotes cell survival especially if
MSCs are encapsulated. Availability of oxygen to MSCs significantly downregulated hypoxia-related genes as well
as promoted osteogenic over chondrogenic differentiation [49].

Hydrogel scaffolds could also be derived from decellularization of the extracellular matrix (ECM). ECM scaffolds
hold a great potential as they contain proinflammatory cytokines, BMPs and various growth factors including
VEGF [50]. Besides the biological properties, ECM also has structural properties that allow mechanical support of
the cells. In a study of Paduano et al. decellularized bone ECM with dental pulp stem cells was examined in vivo.
The construct of bone ECM showed an upregulated expression of RUNX-2, bone sialoprotein and osteocalcin
compared with the cells cultured on the collagen Type I hydrogel scaffold [47].

Huebsch et al. were able to improve survival rate of human mesenchymal stem cell (hMSC) by modulating elastic
modulus of the hydrogels composed of high guluronic acid-content alginates (medium viscosity high-guluronic acid
alginate [MVG]; FMC BioPolymer). The authors used as model nude rats with cranial defects and demonstrated
that the most prominent regenerative effect occurred using a hydrogel elasticity of 60 kPa [46]. This finding suggests
that the biophysical properties of scaffold/hydrogel carriers may also play an important role in promoting the
effectiveness of stem-cell based therapies.
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Table 2. Preclinical in vivo studies of genetic modified mesenchymal stem cells for bone disease treatment
Genetic modifications Cell type Cellular mechanisms Gene transfer type Ref.

BMP-2 Rat bone marrow cells Osteoblast differentiation Adenovirus [59]

Human bone marrow MSCs Adenovirus [56]

Murine bone marrow MSCs Adenovirus-associated
virus

[60]

C3H10T1/2 MSCs Liposome [61]

Murine bone marrow MSCs Adenovirus-associated
virus

[62]

Human adipose tissue-derived MSCs Adenovirus [57]

C3H10T1/2 MSCs Liposome [63]

BMP-2 and BMP-7 Sheep adipose-derived MSCs Osteoblast differentiation Adenovirus [64]

Rat adipose-derived stem cell Osteoblast differentiation Lentivirus [65]

BMP-2 and VEGF Human periosteum-derived cells Osteoblast differentiation Plasmid [66]

Rabbit bone marrow stromal cell Osteoblast differentiation Adenovirus [67]

BMP-2 and miR-148b Human adipose-derived MSCs Osteoblast differentiation Baculovirus [68]

BMP-4 Rat adipose-derived stromal cells Osteoblast differentiation and ectopic bone Adenovirus [69]

Rat unfractioned bone marrow stromal cell Osteoblast differentiation Retroviral vector [70]

BMP-4 and VEGF Murine muscle-derived stem cells Osteoblast differentiation, ectopic bone,
and vasculogenesis

Retroviral vector [71]

BMP-6 Porcine adipose-derived stem cells Osteoblast differentiation Lentivirus [72]

BMP-6 or BMP-2 Porcine adipose and bone marrow MSCs Osteoblast differentiation Nucleofection [73]

BMP-6 Porcine bone marrow MSCs Osteoblast differentiation Nucleofection [74]

BMP-6 and VEGF Rat bone marrow MSCs Osteoblast differentiation and
vasculogenesis

Adenovirus-associated
virus

[75]

BMP-7 New Zealand white rabbit’s bone marrow MSCs Osteoblast differentiation Adenovirus [76]

BMP-9 Human MSCs Osteoblast differentiation, ectopic bone Adenovirus [77]

Human MSCs Osteoblast differentiation Adenovirus [78]

Rat bone marrow stromal cells Osteoblast differentiation Adenovirus [79]

BMP-9 or BMP-2 Human bone marrow cells Osteoblast differentiation Nucleofection [80]

Interleukin-4 Murine bone marrow MSCs Accelerates bone mineralization Lentivirus [81]

bFGF Murine adipose-derived MSCs Stimulates endogenous angiogenesis and
osteogenesis

Lentivirus [82]

CXCR4, Cbfa1 Murine C3H10T1/2 cells MSCs homing Adenovirus [83]

CXCR4 Murine bone marrow MSCs MSCs homing Retroviral vector [84]

RANK-Fc Murine bone marrow MSCs Inhibits osteoclast differentiation and
activation

Retroviral vector [84,85]

Alpha-1 Antitrypsin Murine adipose tissue-derived MSCs Inhibition of osteoclast-associated bone
resorption

Lentivirus [86]

Sox-11 Rat bone marrow MSCs MSCs differentiation and homing Lentivirus [87]

Runx2 Rat bone marrow MSC spheroids Osteoblast differentiation Plasmid [88]

Jarid1a knockdown Rat bone marrow MSCs Activation of Runx2 and subsequent
osteoblast differentiation

Transfection of
small-interfering RNAs

[89]

miR-135 Rat adipose-derived MSCs Osteoblast differentiation Lentivirus [90]

miR-31 Rat adipose-derived MSCs Osteoblast differentiation Lentivirus [91]

Jarid1a: Histone demethylase Jumonji AT-rich interactive domain 1A; miR: MicroRNA; MSC: Mesenchymal stem cell; RANK-Fc: A recombinant protein of receptor activator of NF-�B; Runx2:
Runt-related transcription factor 2; Sox-11: Sry-related high-mobility group box 11.

Genetic modifications of MSCs
MSCs can be genetically modified to enhance their survival rate, homing efficiency and differentiation potential [51–

54]. Since the late 90s, many researches have been actively conducted to develop strategies of ex vivo gene therapy
for bone engineering [10,51,52,54–58]. The strategies of ex vivo gene therapy are based on three pillars: the cell type,
molecular target and gene transfer type (viral or nonviral; Table 2 & Figure 2). As mentioned before, MSCs
from different tissue sources have been applied in preclinical models, yet BM-MSCs and AD-MSCs are the most
commonly used cell types for bone regeneration (Table 2).
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Figure 2. Viral and nonviral genetic
modifications of mesenchymal stem
cells for bone regeneration and
treatment of bone diseases. A
targeting strategy for genetic
modifications of MSCs is mainly
focused on three aspects: (A)
activation of cytokines’ secretion
(BMPs, IL-4, IL-10, bFGF, VEGF) to
promote MSC survival and
osteogenic differentiation; (B)
increasing expression of the cell
surface receptors responsible for cell
homing (CXCR4) or inhibition of
osteoclast differentiation and
activation (RANK-Fc); (C) activation
of transcription factors and other
proteins responsible for
differentiation and migration of
MSCs (Runx2, Cbfa1, Sox11).
MSC: Mesenchymal stem cell;
RANK-Fc: Recombinant RANK-L
antagonist synthesized based on
fusing the extracellular domain of
RANK to the Fc portion of human
immunoglobulin G(1); Runx:
Runt-related transcription factor 2;
Sox11: Sry-related high-mobility
group box 11.

Molecular targeting strategies for genetic modifications of MSCs are mainly focused on three aspects: activation
of cytokines’ secretion (e.g., BMP-2, BMP-6, BMP-7, IL-4 and IL-10) in order to to promote MSC differentiation;
increasing expression of the cell surface receptors responsible for cell rolling and eventual migration to the targeted
tissue (e.g., CXCR4); and activation of transcription factors and other proteins responsible for differentiation and
homing of MSCs (e.g., Sry-related high-mobility group box 11 [Sox11] and runt-related transcription factor 2
[Runx2]; Table 2 & Figure 2).

Bone morphogenetic proteins are the most important molecular targets for bone-targeted genetic engineering of
MSCs [92]. BMPs are the multifunctional cytokines belonging to a TGFβ superfamily [93]. Kang et al. demonstrated
that BMP-2, BMP-4, BMP-6, BMP-7 and BMP-9 possess the highest orthotopic bone-forming activity among 14
types of human BMPs [94], and recombinant human BMP-2 and BMP-7 were approved by US FDA for treating
open tibia shaft fractures and long bone nonunions, respectively [95].

Numerous investigations, pioneered by the studies of Lieberman’s [59], Huard’s [96] and Gazit’s [56], applied BMP-2
for ex vivo gene therapy. In various experimental models, the treatment of bone defects with BM-MSCs, AD-MSCs
and C3H10T1/2 cells overexpressing BMP-2 led to increased bone regeneration [56–63]. A recent study has also
demonstrated that BMP-2 transduced adipose-derived stem cells had higher osteogenic potential compared with
BM-MSCs in vitro [97].

BMP- 4 is a key player in development of axial and craniofacial structures of the skeleton and in the early phase
of fracture healing [98]. Lin et al. reported new bone formation in athymic mice transplanted with BMP-4-modified
adipose-derived stromal cells from Sprague–Dawley rats [69]. In another study, the transplantation of unfractioned
BM-MSCs transfected with BMP-4 improved healing of a critical-sized femur defect in adult rats [70]. Rose et
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al. have reported that BMP-4-engineered muscle-derived cells demonstrated superior results when compared with
BM-MSCs in terms of improving healing of the segmental defects [99].

BMP-6 and BMP-7 are the cytokines that also possess high osteoinductive properties. For example, injection
of adipose-derived stem cells overexpressing BMP-6 gene was capable of repairing the vertebral bone void in nude
rats [72]. In another study, implantation of BMP-6-modified stem cells accelerated bone regeneration of the lumbar
vertebral body in the mini pig animal model [74]. Furthermore, there is data demonstrating that AD-MSCs and
BM-MSCs transfected with rhBMP-6 had higher osteogenic differentiation potential compared with transfection
with rhBMP-2 in vitro and in vivo [73]. In turn, BMP-7 demonstrated great therapeutic potential in the treatment of
fractures resistant to healing [100]. It was reported that New Zealand white rabbit’s BM-MSCs with high expression
of BMP-7 combined with an nano-hydroxyapatite/collagen (NHAC) scaffold effectively repaired a rabbit radius
defect [76].

A BMP-9 probably is the most effective osteoinductive growth factor among BMPs family [94]. A number
of studies have demonstrated that ex vivo modification of hMSCs with BMP-9 activated endochondral bone
formation [77] and promoted spinal fusion [78] in rodents. Wang et al. have revealed that BM-MSCs transfected with
BMP-9 induces callus formation in rats with osteoporotic fracture [79]. Recently, it was reported that functional
Notch signaling in MSCs plays a role in osteogenesis induced by BMP-9 [101].

In addition to BMPs, some other growth factors may be implicated in osteogenesis and bone regeneration. As
an example, Zhang and coauthors demonstrated that MSCs, genetically modified to express bFGF, improved bone
fracture healing and enhanced bone strength in mice by stimulating endogenous angiogenesis, osteogenesis and
rapid cartilage turnover through endochondral ossification [82].

It is worth mentioning that bone formation is a complex process that requires fine-tuning of many signaling
pathways and for optimal bone regeneration the effects of several proteins are desired [102]. In this regard, a number of
studies have revealed that the use of the BMPs is the most efficient for bone formation when combined with VEGF.
For example, formation of ectopic bone was more prominent after implantation of human periosteum-derived cells
cotransfected with BMP-2 and VEGF [66]. Similarly, regeneration of critical-sized bone defects in rabbits was more
successful when treated with a coral scafold loaded with BMP2- and VEGF-expressing BM-MSCs compared with
any single factor [67]. BM-MSCs co-expressing VEGF and BMP-6 injected to avascular necrosis of the femoral
head in nude mice led to the enhancement of blood vessels and bone formation [75]. In another study, Peng et al.
found that combined transplantation of VEGF- and BMP-4-expressing muscle-derived stem cells lead to a more
optimal bone formation compared with transplantation of BMP4-expressing cells alone [71]. Some studies have also
revealed enhanced efficiency of new bone formation on a model of tibial fracture in sheep and rat models of femurs
defects after the transplantation of AD-MSCs co-transfected with both BMP-2 and BMP-7 compared with those
with cells expressing only BMP-2 or BMP-7 [64,65]. Furthermore, there is evidence that co-transfection of MSCs
with microRNA (miR)-148b enhances BMP2-induced osteogenesis [68], and MSCs engineered with BMP-7- and
IL-4 cDNA accelerates bone repair in mice [81].

CXC chemokine receptors (CXCRs) belong to a family of transmembrane proteins that specifically bind to
CXC chemokines. At the moment, there are seven known CXCRs, and CXCR4 presented on the surface of
MSCs is considered to be a key mediator of MSCs’ rolling and engraftment [103–106]. It has been demonstrated that
transduction of MSCs with adenovirus carrying CXCR4 and Cbfa1 increased homing of MSCs to the defect site [83].
Using this rationale, Cho et al. prevented bone loss in ovariectomized (OVX) mice by intravenous transplantation
of CXCR4-transfected MSCs [84]. Monocyte chemotactic protein, MIP-1α and RANTEs are also involved in the
process of MSCs homing, but to a lesser extent [107].

Cho et al. also demonstrated that bone loss in OVX mice could be reversed by MSCs overexpressing receptor
activator of NF-κB (RANK-Fc) [84], and this finding was confirmed by Kim et al. [85]. RANK-Fc is a recombinant
protein of RANK which acts as a soluble antagonist of RANKL to prevent osteoclastogenesis [108]. In a similar
study, Akbar et al. demonstrated the indirect influence of AD-derived MSCs expressing Alpha-1 Antitrypsin
on bone repair in OVX mice [86]. Alpha-1 Antitrypsin is a proteinase inhibitor which suppresses the release
of proinflammatory cytokines, enhances the production of anti-inflammatory cytokine and reduces osteoclast-
associated bone resorption [109].

Sox11 is a transcription factor which plays an important role in differentiation and migration of MSCs via
activation of Runx2 and CXCR4 expression [87,110]. Recently, Xu et al. demonstrated that genetically modified
MSCs displaying high expression of Sox11 enhanced the differentiation and migration of MSCs and improved
bone fracture healing in an open fracture model on Sprague–Dawley rats [87].
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Runx2 has been identified as one of the transcription factors involved in osteoblast differentiation of MSCs [94].
Recent results showed that treatment of rat femurs bone defects with MSC genetically modified with Runx2 in
spheroid cell implants accelerated bone repair as compared with nontransfected MSC spheroids [88]. Similarly,
Deng and coauthors showed that knockdown of histone demethylase Jumonji AT-rich interactive domain 1A
(Jarid1a) in bone MSCs of rats led to activation of Runx2 and subsequent improvement of calvarial bone defect
regeneration [89].

As mentioned above, there are viral and nonviral vectors for the generation of genetically modified MSCs.
Nonviral gene transfer for MSCs may generally be categorized in two groups: physical methods and chemical
methods. Physical methods include gene guns, electroporation and sonoporation [73,74,111]. Another sufficiently
effective method of a physical gene transfer is a nucleofection which is a variant of electroporation. The effectiveness
of this method has been demonstrated in the studies where nucleofection of BMP-6 gene was capable of enhancing
osteogenic differentiation of AD-MSCs and BM-MSCs in vitro and in vivo [73,74]. Aslan et al. have reported that
transplantation of hMSCs transfected with human BMP-2 or BMP-9 genes via nucleofection induced ectopic
bone formation in NOD/SCID mice [80]. Chemical gene transfer approach involves application of the different
nonviral carriers such as cationic lipids (liposome-based transfection) polymer-based systems and others [63,112,113].
In a comparison study, Park et al. evaluated liposome-mediated and adenoviral BMP-2 gene transfer of BM-MSCs
in order to regenerate critical-size bone defects in rats [112]. The authors have established that liposome-mediated
gene delivery into BM-MSCs was able to enhance bone repair albeit it took longer period than the adenoviral
transfection.

The use of viral vectors has shown to be very effective in inducing the desired biological modifications in
MSCs. This is in great part due to the very high level of transgene expression achieved by viral vectors. Among
them, lentiviral vectors have the unique feature of allowing sustained transgene expression even after MSCs
differentiation [114], which is often sought. Although integrating viral vectors such as adenovirus-associated virus,
retrovirus and lentiviral vectors lead to persistent transgene expression, they also pose the potential risk of insertional
mutagenesis, particularly retrovirus [115]. While the risk appears to be relatively small based on the information
available today, it should still be taken into account when designing novel therapeutic strategies.

Notwithstanding the proven advantageous properties of MSCs in homing to sites of injury, inflammation and
regeneration, there is evidence suggesting that MSCs may also promote tumor angiogenesis and development.
Galderisi et al. indicate that tumors may be seen by MSCs as injury or regeneration sites, and as such may help
create a microenvironment that promotes angiogenesis and metastasis of tumor cells [116]. Therefore, a word of
caution in carefully selecting the applications of MSCs is also recommended. Even though the effect of MSCs on
tumor progression has not been satisfactorily elucidated and can be considered debatable, the evidence of MSCs
recruitment to tumors is quite strong [23]. Furthermore, the effect of MSCs on cancer stem cells demands important
consideration and not fully established. Nevertheless, it is reasonable to assume that the context (such as the type of
cancer cell line used in the study or the cytokines’ profile) plays a key role in determining the ultimate effect of MSCs
in promoting or inhibiting tumors. In this regard, simple activation or genetic engineering of MSCs may alter the
context of the relationship between MSCs and tumor microenvironment leading to unforeseen consequences.

A further consideration is that for certain applications the expression of the therapeutic gene is only required
for a short period of time, after which it is no longer required, and at times even unwanted. For instance, the time
required for cytokines to exert its biological activity is quite short. Therefore, long-term expression of cytokines
is often neither required nor recommended. Similarly, the cocktail of genes required to differentiate MSCs into
the osteoblastic lineage is only required during the short period of time that it takes for the expressed transgene to
induce changes in the cellular gene expression pattern. Once the differentiation process is underway the expression
of the transgenes is no longer needed. Therefore, for certain applications, it is preferable to modify genetically
MSCs transiently rather than permanently. In this regard, the use of episomal nonviral vectors potentially increases
the safety of the treatment, although it is at the expense of lower transgene expression [117,118].

Additionally, newer transient cell engineering strategies based not on DNA but on the delivery of mRNA are
available and have proven effective [119]. Mice transplanted with MSCs transiently transfected with mRNA for IL-10
and for homing ligands induced the homing to the cells to site of inflammation and reduced the inflammation
without the need for persistent IL-10 expression [119]. MiRs are another key molecules that regulate the processes
of cell differentiation [120], and there are several in vitro and in vivo studies indicating that miRs are capable of
inducing osteogenic differentiation of human and rat AD-MSCs [68,91,120].
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Table 3. Target moiety and corresponding agents for surface modifications of cells.
Target moiety Agent Ref.

Hydroxyapatites Bisphosphonates [122,123]

CXC4R SDF-1 [124]

E-selectins CD44 glycoform [125]

P-selectins SLeX [126]

SDF-1: Stromal cell-derived factor-1; sLeX: Sialyl Lewis X.

Surface modifications of MSCs
According to Wu et al. at least 19 receptors are expressed on the surface of MSCs and all of them can potentially be
used for cell targeting and homing [121]. These naturally occurring receptors may be effective in direct transplantation
of MSCs without prior expansion in vitro. However, during in vitro proliferation of MSCs most of the receptors are
found to be absent on the surface of culture-expanded cells [103]. This creates a whole niche for receptor or ligand
engineering for targeted delivery of MSCs (Table 3).

For example, a receptor of particular interest, CX4CR, promotes MSCc rolling and binding to SDF-1 that is
present in bone marrow and ischemic tissue [104,105]. In this regards, Jones et al. primed MSCs with SDF-1 for 1 h
before transplantation to increase the transcription expression level of CXCR4 receptor, and obtained an increased
cell engraftment rate both in wild-type and in osteogenesis imperfecta mice, as well as improved bone quality and
plasticity in response to fracture, especially in osteogenesis imperfecta mice animals [124].

As previously mentioned, MSCs have high affinity to inflamed tissues and there are data indicating that MSCs are
actively recruited to the sites of inflammation via endothelial expressed P- and E- selectins [127]. The selectins belong
to a family of Type 1 transmembrane cell adhesion molecules that mediate the initial step of leukocyte recruitment in
the inflammatory process. The physiological ligands for selectins are numerous glycoproteins, including P-selectin
glycoprotein ligand 1, E-selectin ligand 1, CD34 and CD44, and CD44 is present on the MSCs [127]. Sackstein
et al. used a glycan engineering approach to enhance MSCs trafficking (targeting?) to bone. MSCs were modified
ex vivo to change native CD44 glycoform on the surface of MSCs into hematopoietic cell E-selectin/L-selectin
ligand. The results showed that MSCs accumulated in bone marrow within hours after systemic infusion [125].
Similarly, Sarkar et al. proposed the use of a nanometer-scale polymer construct containing sialyl Lewis X, also
known as cluster of differentiation 15s (CD15s) or stage-specific embryonic antigen 1 to target MSCs to bone
marrow. This molecule is a tetrasaccharide carbohydrate which is usually presented on the surface of leukocytes as
an active binding site of selectins’ ligands [128,129] and promotes rolling and engraftment into the inflamed tissue
with high expression of P-selectins [126].

In another study, researchers developed a two-end construct that binds to cell surface via a synthetic pep-
tidomimetic ligand coupled to bisphosphonate (alendronate, Ale) [122]. The complex induced MSCs migration and
differentiation along the osteogenic lineage in vitro. Intravenous injection of modified cells showed increased bone
formation (especially trabecular) in estrogen deficient mice (role model of osteoporosis) by improving homing and
retention of MSCs in bone tissue. The same polymer construct was also used in the study of D’Souza et al. [123].
Hydroxyl succinyl group was used for cell surface binding and alendronate was applied as a bone seeking agent. The
polymer was synthesized using novel atom transfer radical polymerization (ATRP) technique to allow controlled
polymerization of functional chains. In vitro data showed enhanced bone affinity compared with the polymer
without bisphosphonate group. The polymer was not found to be toxic and therefore, opens the opportunity for
its further testing in vivo.

Conclusion
MSCs cell therapy is undoubtedly becoming a reality for the treatment of bone-related conditions and fracture
healing. Different approaches for cell transplantation and successful engraftment are being exploited to improve
the healing outcomes. In this regard, cell engineering for bone regeneration attracts a lot of scientific attention
making it of great clinical interest. There are three main strategies to increase the efficacy of MSCs transplantation:
effective scaffold and hydrogel carriers, genetic modifications of MSCs and cell surface membrane engineering.
Biomaterial scaffolds place the cells directly into the injury site; the genetic modifications of MSCs are aimed
at improving the degree of engraftment via overexpression of genes controlling MSCs homing, proliferation and
differentiation, whereas, the chemical engineering of the cell surface membrane provide bone targeting moieties to
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MSCs. Transplanting scaffolds populated with MSCs is a very suitable strategy for filling critical size bone defects,
while transplantation of genetically or chemically modified MSCs would manage the inflammatory conditions
that do not require scaffolds stability and can result in significantly enhanced bone regeneration in pathological
fractures. All of the approaches discussed here hold a great potential for present and future clinical practices related
to bone regeneration.

Future perspective
MSCs applications for bone regeneration have been extensively used in numerous preclinical and clinical studies.
Despite the increasing interest of MSC-based regenerative therapies for bones and its promising clinical potentials,
the limited therapeutic effects of MSC treatment remain a major challenge suggesting that the modifications of MSC
are required. A comprehensive review of the available literature indicates that most efforts are focused on scaffolds
development and genetic modifications of MSCs, while the number of studies aimed at nongenetic chemical cell
surface modifications are limited. Although, the use of genetic modifications has shown to be very effective in
conferring the desired biological properties to MSCs, they also pose potential mutagenesis and carcinogenesis risks
and more studies are required to address biosafety issues. In contrast to genetic modifications that are mostly used to
manipulate nucleic acids, cell surface engineering may be used to manipulate lipids, proteins or glycans on plasma
membrane, potentially increasing the safety of the treatment. In our view, cell surface engineering that involves
multidisciplinary approach and convergence of chemists and cell biologists is a very promising research direction
that may lead to the development of safe and clinically relevant technologies of MSCs’ based cell therapy. In any
event, there is a need to further understand the biology of MSCs in the context of chemical/genetic modifications
and its behavior upon transplantation.

Executive summary

• In pathological bone fracture conditions natural processes of bone regeneration are hindered, and, in this case,
transplantation of mesenchymal stem cells (MSCs) is a promising therapeutic method to facilitate the healing
processes.

• Managing homing affinity and improvement of cell viability, proliferation and differentiation are the primary
tasks in MSC transplantation for bone regeneration.

Scaffolds & hydrogels
• Seeding scaffolds with MSCs is a promising approach to increase the efficacy of scaffold transplants.
• One of the very important issues in cell-scaffold constructs is the lack of oxygen supply and nutrients.
• A number of recent studies have been directed toward creating bioactive scaffolds and hydrogels that increase

the amount of oxygen available to MSCs, promote angiogenesis and support cell proliferation and
differentiation.

Genetic modifications of MSCs
• Molecular targeting strategies for genetic modifications of MSCs are mainly focused on the activation of

cytokines’ secretion to promote MSC differentiation, increasing expression of the cell surface receptors
responsible for cell rolling and migration and activation of transcription factors and other proteins responsible
for the differentiation of MSCs.

• The use of viral vectors can give more stable results in terms of cell viability, proliferation and homing, though
encounters major safety issues.

• The use of nonviral transfection potentially increases the safety of the treatment, although it is at the expense of
lower transgene expression.

Surface modifications of MSCs
• During in vitro proliferation of MSCs, most of the receptors are found to be absent on the surface of

culture-expanded cells and this creates a whole niche for receptor or ligand engineering for targeted delivery of
MSCs.

• Surface binding of the different ligands to the cell membrane significantly reduces the potential risk of
mutagenesis while allowing navigation of the cells precisely to the site of interest.

Conclusion & future perspective
• All of the approaches discussed here hold a great potential for present and future clinical practices related to

bone regeneration, yet there is a need to further understand the biology of MSCs in the context of
chemical/genetic modifications and its behavior upon transplantation.
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